Interactions between groundwater and surface water play a fundamental role in the functioning of riparian ecosystems. In the context of sustainable river basin management it is crucial to understand and quantify exchange processes between groundwater and surface water. Numerous well-known methods exist for parameter estimation and process identification in aquifers and surface waters. Only in recent years has the transition zone become a subject of major research interest; thus, the need has evolved for appropriate methods applicable in this zone. This article provides an overview of the methods that are currently applied and described in the literature for estimating fluxes at the groundwater -surface water interface. Considerations for choosing appropriate methods are given including spatial and temporal scales, uncertainties, and limitations in application. It is concluded that a multi-scale approach combining multiple measuring methods may considerably constrain estimates of fluxes between groundwater and surface water.
Introduction
Surface water and groundwater have long been considered separate entities, and have been investigated individually. Chemical, biological and physical properties of surface water and groundwater are indeed different. In the transition zone a variety of processes occur, leading to transport, degradation, transformation, precipitation, or sorption of substances. Water exchange between groundwater and surface water may have a significant impact on the water quality of either of these hydrological zones. The transition zone plays a critical role in the mediation of interactions between groundwater and surface water. It is characterized by permeable sediments, saturated conditions, and low flow velocities, Correspondence to: E. Kalbus (edda.kalbus@ufz.de) thus resembling the characteristics of terrestrial aquifers. In streams, however, the zone may contain some proportion of surface water due to the infiltration of stream water into the pore space, conferring on it features of the surface water zone as well. Ecologists have termed this area the hyporheic zone (Schwoerbel, 1961) and highlighted the significance of exchange processes for the biota and metabolism of streams (Hynes, 1983; Brunke and Gonser, 1997) . For the protection of water resources it is crucial to understand and quantify exchange processes and pathways between groundwater and surface water. Particularly in case of contamination, it is fundamental to know the mass flow rates between groundwater and surface water for the implementation of restoration measures. Woessner (2000) stressed the need for hydrogeologists to extend their focus and investigate near-channel and in-channel water exchange, especially in the context of riparian management.
Interactions between groundwater and surface water basically proceed in two ways: groundwater flows through the streambed into the stream (gaining stream), and stream water infiltrates through the sediments into the groundwater (losing stream). Often, a stream is gaining in some reaches and losing in other reaches. The direction of the exchange flow depends on the hydraulic head. In gaining reaches, the elevation of the groundwater table is higher than the elevation of the stream stage. Conversely, in losing reaches the elevation of the groundwater table is lower than the elevation of the stream stage. A special case of losing streams is the disconnected stream, where the groundwater table is below the streambed and the stream is disconnected from the groundwater system by an unsaturated zone. Seasonal variations in precipitation patterns as well as single precipitation events can alter groundwater tables and stream stages and thereby cause changes in the direction of exchange flows. On a smaller scale, water flow into and out of the streambed may be induced by pressure variations on the streambed caused by geomorphological features such as pool-riffle sequences, Published by Copernicus GmbH on behalf of the European Geosciences Union. 874 E. Kalbus et al.: Measuring groundwater-surface water interactions: a review discontinuities in slope, or obstacles on the streambed (Thibodeaux and Boyle, 1987; Savant et al., 1987; Hutchinson and Webster, 1998) . Also, a relocation of sediment grains on the streambed may lead to a trapping of stream water in the sediment interstices and a release of interstitial water to the stream (Elliott and Brooks, 1997) . The interactions, however, are complex. Sophocleous (2002) presented a comprehensive outline of the principal controls and mechanisms of groundwater -surface water exchange.
Hydrogeologists and surface water hydrologists traditionally have approached the interface between groundwater and surface water from their particular perspective. In the literature a variety of techniques to identify and quantify exchange flows are described which originate from the respective disciplines of water research. Our aim was to bring together these different perspectives and approaches in order to study the stream-aquifer system as a whole. The range of available techniques to determine interactions between groundwater and surface water is broad. Depending on the study purpose, methods have to be chosen which are appropriate for the respective spatial and temporal scale. If processes or flow paths are the study focus, other methods are needed than for the quantification of regional groundwater flow to develop management schemes. Numerical modelling, which is an indispensable tool for watershed management, relies on the determination of parameters representing the flow conditions for the selected model scale. Thus, the proper choice of methods is critical for the usefulness of measurement results. As Sophocleous (2002) pointed out, the determination of water fluxes between groundwater and surface water is still a major challenge due to heterogeneities and the problem of integrating measurements at various scales. Scanlon et al. (2002) presented an overview of techniques for quantifying groundwater recharge on different space and time scales. Some of these methods can equally be applied to measure groundwater discharge to streams and recharge through the streambed. Landon et al. (2001) compared instream methods for measuring hydraulic conductivity aiming at determining the most appropriate techniques for use in sandy streambeds.
The purpose of this paper is to provide an overview of the methods that are currently state-of-the-art for measuring interactions between groundwater and surface water. The focus is on the estimation of water fluxes at the stream-aquifer interface. It is intended for readers starting to work on the investigation of interactions between groundwater and surface water who might have varying backgrounds in the different disciplines of hydrology. Therefore, each method is briefly described and references for further information are given. The methods are grouped into direct measurements of water flux, heat tracer methods, methods based on Darcy's Law, and mass balance approaches. Since the contamination of aquifers and streams is of growing concern worldwide, methods to determine contaminant concentrations for the estimation of contaminant mass fluxes between groundwater and stream water are also presented. With respect to the study purpose, the suitability of the different methods and their applicability on different space and time scales are discussed. Modelling approaches, such as inverse modelling to determine hydraulic conductivities, are not covered in this study. The special case of disconnected streams with an unsaturated zone between streambed and aquifer is omitted in this review and, thus, methods typically applied in the unsaturated zone are not discussed.
Direct measurements of water flux
Direct measurements of water flux across the groundwatersurface water -interface can be realized by seepage meters. Bag-type seepage meters as proposed by Lee (1977) consist of a bottomless cylinder vented to a deflated plastic bag. The cylinder is turned into the sediment, and as water flows from the groundwater to the surface water, it is collected in the plastic bag. From the collected volume, the cross section area of the cylinder, and the collection period the seepage flux can be calculated. In case of surface water seeping into the sediment, a known water volume is filled into the plastic bag prior to the installation and from the volume loss the infiltration rate is calculated. These bag-type seepage meters have been used extensively in lakes, estuaries, reservoirs, and streams (e.g., Lee and Cherry, 1978; Woessner and Sullivan, 1984; Isiorho and Meyer, 1999; Landon et al., 2001) . Murdoch and Kelly (2003) discussed that, despite the simplicity of applying bag-type seepage meters, their performance is far from simple. Particularly in streams, water flowing over the collection bag may affect the hydraulic head in the bag, or may distort or fold the bag and lead to decreased or increased flux measured by the seepage meter. Libelo and MacIntyre (1994) proposed to cover the collection bag with a rigid container to isolate it from pressure gradients resulting from the movement of the stream water. Kelly and Murdoch (2003) presented a modification of a seepage meter fitted with a piezometer along the axis of the pan (a piezo-seep meter). A manometer was used to measure the difference in hydraulic head between the piezometer screen and the inside of the pan. A pump was temporarily attached to the pan and the pumping flow rate was correlated to the head differential between piezometer and pan. This permitted the estimation of fluxes into the seepage meter pan from the head differential measured under ambient conditions.
Various types of automated seepage meters have been developed that overcome problems related to the collection bags. They are based on the same principle of isolating and covering a part of the groundwater -surface water interface with a chamber open at the bottom, but abandon the use of collection bags and instead deploy instruments to continuously record the water flow rate through the outlet tube. Devices to measure the flow rate include, for instance, the heat pulse meter (Taniguchi and Fukuo, 1993; Krupa et al., 1998) that is based on the relationship between the travel time of a heat pulse in the flow tube and the flow velocity; the ultrasonic meter (Paulsen et al., 2001 ) that relates the travel time of an ultrasonic signal through the flow tube to the flow velocity; the dye-dilution meter (Sholkovitz et al., 2003) based on the principle that the rate at which a dyed solution is diluted by the inflow or outflow of water is directly proportional to the seepage flow rate; and the electromagnetic meter (Rosenberry and Morin, 2004 ) that measures the voltage induced by water passing through an electromagnetic field, which is proportional to the flow velocity. These modifications enable a monitoring of seepage variations with time.
Seepage meters are based on a simple concept and inexpensive to construct. They are useful for the detection of groundwater discharge or recharge zones. To obtain representative average seepage fluxes, however, measurements at many locations are required. In streams, the fluxes measured with a seepage meter might not entirely be attributed to groundwater discharge, but include shallow throughflow or hyporheic exchange flow (see Sect. 7.2). The seepage meters themselves constitute obstacles to the stream flow that might induce interstitial flow into the seepage meter pan.
Heat tracer methods
The difference in temperature between groundwater and surface water can be used to delineate groundwater discharge or recharge zones and quantify water fluxes at the groundwater -surface water interface. Groundwater temperatures are relatively stable throughout the year. In contrast, stream temperatures vary strongly on a daily and seasonal basis. Therefore, gaining reaches are characterized by relatively stable sediment temperatures and damped diurnal variations in surface water temperatures, whereas losing reaches are characterized by highly variable sediment and surface water temperatures (Winter et al., 1998) . This permits an identification of the general character of the flow regime by recording temperature time series in the stream and the surrounding sediments (Constantz, 1998; Constantz and Stonestrom, 2003) .
Time series of temperature profiles document the penetration of cyclic temperature changes into the streambed. Because water is heated and cooled at the surface, downward moving water causes a deeper penetration of cyclic temperature changes. Conversely, upward moving water leads to less penetration of cyclic temperature changes because the upwelling groundwater has a relatively constant temperature. The maximum and minimum temperatures of a complete cycle form a temperature envelope enclosing all measured temperature profiles. This envelope is compressed toward the streambed surface in case of upwelling groundwater. Downwelling stream water lets the envelope expand downward (Constantz and Stonestrom, 2003) .
Heat transport in the subsurface is a combination of advective heat transport (i.e., heat transport by the flowing water) and conductive heat transport (i.e., heat transport by heat conduction through the solid and fluid phase of the sediment). It can be described by a heat transport equation (Domenico and Schwartz, 1998) which is analogous to the advection-dispersion equation for solute transport in groundwater. Various analytical and numerical solutions have been developed for the heat transport equation (e.g., Carslaw and Jaeger, 1959; Suzuki, 1960; Bredehoeft and Papadopolus, 1965; Stallman, 1965; Turcotte and Schubert, 1982; Silliman et al., 1995) . Using these solutions, seepage rates through the streambed can be calculated from the temperature profiles measured beneath the stream (e.g., Constantz et al., 2001 Constantz et al., , 2002 Taniguchi et al., 2003; Becker et al., 2004) . A popular procedure is to adjust hydraulic conductivities in a numerical model until seepage rates cause a match between measured and modelled temperatures (Stonestrom and Constantz, 2004) . The thermal properties of streambed sediments are almost independent of texture and vary only little between different streambeds; hence, they can be obtained from literature values (Constantz and Stonestrom, 2003) . In contrast, hydraulic properties are highly variable. Streambed temperatures are very sensitive to the hydraulic conditions, which makes heat a useful tool for the estimation of fluxes through streambed sediments.
A different approach to estimate water fluxes through the streambed using streambed temperatures was taken by Conant (2004) and Schmidt et al. (2006) . They measured temperatures in the streambed at many locations within a short time period. The underlying assumption was that variations in temperature are attributed to spatial variations in water flux through the streambed and not to temporal changes during the measurement period. Conant (2004) mapped the temperatures at a certain depth in the streambed and developed an empirical relation between fluxes obtained from minipiezometer data and streambed temperatures. Schmidt et al. (2006) measured streambed temperatures simultaneously at five depths and inferred fluxes from the temperature profiles using a one-dimensional analytical solution (Bredehoeft and Papadopolus, 1965) of the heat transport equation with the average surface water temperature during the measurement period and the constant groundwater temperature as boundary conditions.
A heat balance equation was used by Becker et al. (2004) to calculate groundwater discharge from measurements of stream temperature and streamflow. They divided the stream into reaches corresponding to temperature measurement points and set up a balance equation where the stream temperature is a function of the groundwater discharge rate, the difference in stream water and groundwater temperature, streamflow, and additional heat gains and losses through the stream surface.
Temperature is a robust and relatively inexpensive parameter to measure. Measurements are quick and easy to perform, making temperature-based methods very attractive for detailed delineations of groundwater discharge or 876 E. Kalbus et al.: Measuring groundwater-surface water interactions: a review recharge zones with high resolutions.
For further information on the use of heat as a groundwater tracer, the reader is referred to the comprehensive review by Anderson (2005) .
Methods based on Darcy's Law
Methods based on Darcy's Law generally correspond to the methods used to study groundwater movement in terrestrial aquifers. They typically require measurements of the components of the Darcy equation (Darcy, 1856) :
The specific discharge has the dimensions of a velocity, or a flux, and is also known as Darcy velocity or Darcy flux. Groundwater velocity, i.e., the flow velocity between two points in the aquifer as can be observed, for instance, by tracer methods, includes the porosity of the aquifer material:
and n is porosity [-] . Hence, the determination of water flux in the subsurface typically requires information on the hydraulic gradient and hydraulic conductivity, or groundwater velocity and porosity.
Hydraulic gradient
Measuring the water level in wells and piezometers installed in the fluvial plain is the standard method to determine hydraulic head (Freeze and Cherry, 1979) . A piezometer is basically a tube or pipe that is inserted into the sediment to measure the hydraulic head at a certain point in the subsurface. The direction of local groundwater flow can be determined from the differences in hydraulic head between individual piezometers installed in groups (at least three in a triangular arrangement). In case of horizontal flow, the hydraulic gradient can be calculated from the difference in hydraulic head and the horizontal distance. For the vertical components of groundwater flow, which are particularly important to understand the interaction between groundwater and surface water, a piezometer nest may be installed, with two ore more piezometers set in the same location at different depths. The hydraulic gradient can then be calculated from the difference in hydraulic head and the vertical distance. Furthermore, vertically distributed piezometer data can be used to draw lines of equal hydraulic head for the construction of a flow field map showing the groundwater flow behaviour in the vicinity of a surface water body. Installed directly in the streambed, piezometers deliver information whether a stream reach is gaining or losing by a comparison of piezometer and stream water level. Assuming vertical flow beneath the streambed, the hydraulic gradient is obtained from the difference of the water level in the piezometer and the stream, and the depth from the sediment surface to the centre of the piezometer screen (Freeze and Cherry, 1979) . Baxter et al. (2003) described an installation technique for minipiezometers which permits obtaining a large number of measurements in gravel and cobble streambeds.
The piezometer method provides point measurements of hydraulic head. The equipment is quick and easy to install, and measurement analysis is straightforward. Therefore, this method is appropriate for small-scale applications and allows a detailed survey of the heterogeneity of flow conditions in the subsurface. Groundwater movement, however, is subject to temporal variations. Therefore, all measurements of hydraulic head at a study site should be made approximately at the same time, and the resulting contour and flow field maps are representative only of that specific time (Winter et al., 1998) . Pressure transducers and data loggers installed in the piezometers or pressure probes buried in the saturated subsurface may facilitate observing temporal variations in hydraulic head.
Hydraulic conductivity 4.2.1 Grain size analysis
From the grain size distribution of a sediment sample, an estimate of hydraulic conductivity can be derived employing empirical relations between hydraulic conductivity and some statistical grain size parameters such as geometric mean, median, effective diameter, etc. (e.g., Hazen, 1892; Schlichter, 1905; Terzhagi, 1925; Beyer, 1964; Shepherd, 1989) . Alyamani and Sen (1993) proposed to relate hydraulic conductivity to the initial slope and intercept of the grain size distribution curve. During the determination of grain size distribution, the sediment structure and stratification are destroyed. Hence, these relations yield a value of hydraulic conductivity that represents neither the vertical nor the horizontal hydraulic conductivity and is not representative of the true hydraulic properties of the subsurface. Grain size analysis, however, delivers information about the subsurface material and the hydraulic conductivity values can be used as a first estimation for the design of further applications such as slug and bail tests.
Permeameter tests
For laboratory permeameter tests a sediment sample is enclosed between two porous plates in a tube. In case of a constant-head test, a constant-head potential is set up and a steady discharge flows through the system. Hydraulic conductivity can be calculated following Darcy's law. In a falling-head test, the time needed for the hydraulic head to fall between two points is recorded. Hydraulic conductivity is calculated from the head difference, the time, and the tube and sample geometry (Hvorslev, 1951; Freeze and Cherry, 1979; Todd and Mays, 2005) . Depending on the direction of flow through the sediment sample in the experiment, directional hydraulic conductivity may be obtained. It is, however, difficult to take and transport samples from streambed sediments without disturbing the packing and orientation of the sediment grains, which may influence measurement results.
To obtain the vertical hydraulic conductivity of the streambed, in situ permeameter tests can be performed using a standpipe pressed into the sediment (Hvorslev, 1951) . The standpipe is open at the bottom, so that a sediment column is laterally enclosed by the pipe. The pipe is filled with water and as the water level falls, the hydraulic head in the pipe and the time is recorded at two stages (falling-head permeameter test). Hydraulic conductivity is calculated from the difference in hydraulic head, the time difference, and the length of the sediment column in the standpipe. Alternatively, the water level in the pipe is held constant by injecting water, and the measured injection rate is used for test analysis (constanthead permeameter test). Chen (2000) proposed a variation of the standpipe method to obtain hydraulic conductivities in any desired direction by using an L-shaped pipe. Using a pipe with an angle of 90 • , horizontal hydraulic conductivity can be calculated. An L-shaped pipe with any angle greater than 90 • delivers hydraulic conductivity along any oblique direction.
Horizontal hydraulic conductivities of the streambed may be obtained from a constant-head injection of water through a screened piezometer (Cardenas and Zlotnik, 2003) . From the test geometry, the injection rate, and the operational head, hydraulic conductivity can be calculated.
In situ permeameter tests provide point measurements of hydraulic conductivity directly in the streambed. Performance and analysis are quick and easy, so that it can be useful for a detailed survey of the heterogeneity of streambeds.
Slug and bail tests
Slug and bail tests are based on introducing/removing a known volume of water (or a solid object) into/from a well or piezometer, and as the water level recovers, the head is measured as a function of time. The hydraulic properties of the subsurface are determined following the methods of Hvorslev (1951) , Cooper et al. (1967) , Bouwer and Rice (1976), or Hyder et al. (1994) , among others. Analysis methods for partially penetrating wells in unconfined formations are most appropriate for the estimation of streambed hydraulic conductivities (e.g., Springer et al., 1999; Landon et al., 2001; Conant, 2004) . Butler (1998) provided a comprehensive summary of slug and bail test performance and analysis methods. Slug and bail tests are quick and easy to perform with inexpensive equipment. In contrast to pumping tests, only one well or piezometer is needed to perform a slug and bail test. Care has to be taken concerning sufficient well development, proper test design, and appropriate analysis procedures in order to obtain reliable results (Butler, 1998) . This method provides point measurements of hydraulic conductivity, albeit the scale of measurement is slightly larger that in permeameter tests. It is appropriate for process studies or for investigating heterogeneities.
Pumping tests
A pumping test to determine hydraulic conductivity requires the existence of a pumping well and at least one observation well (piezometer) in the capture zone. The well is pumped at a constant rate and drawdown in the piezometer is measured as a function of time. The hydraulic properties of the subsurface are determined using one of several available methods, e.g. the methods of Theis (1935) , Cooper and Jacob (1946) , Chow (1952 ), Neuman (1975 ), or Moench (1995 , among others. However, for the determination of streambed hydraulic conductivities to analyse groundwater -surface water interactions the application of pumping tests is problematic because of the boundary conditions. Kelly and Murdoch (2003) described a theoretical analysis for pumping tests in submerged aquifers assuming a constant-head boundary as upper boundary condition. The lower boundary condition can either be a no-flow boundary in case the stream is underlain by bedrock or a low-conductivity formation, or a constant-head boundary in case the stream is underlain by higher conductivity materials. Pumping tests provide hydraulic conductivity values that are averaged over a large subsurface volume. Thus, these values are more representative for the entire subsurface body than conductivities obtained by point measurements. Results are less sensitive to heterogeneities in the subsurface material and preferential flow paths. However, the installation of wells and piezometers is costly and may not be justified in all cases.
A piezo-seep meter as described in Sect. 2 may provide an alternative for pumping tests to estimate streambed hydraulic conductivities. As water is pumped from a seepage meter pan, hydraulic conductivity may be obtained from the head gradient measured at a piezometer fixed to the pan, the flow rate, and the crosssectional area of the pan. This approach yields measurements of vertical hydraulic conductivities at shallow streambed depths. Contrary to conventional pumping tests, the test radius is small. The equipment is relatively inexpensive and easy to install, permitting tests at many locations to delineate the spatial distribution of streambed hydraulic conductivities.
Groundwater velocity
Groundwater velocity may be estimated by introducing a conservative tracer, e.g. a dye, such as uranine, or a salt, such as calcium chloride, to a well, and recording the travel time for the tracer to arrive at a downstream observation well. The groundwater velocity can then be computed from the travel time and distance data (Freeze and Cherry, 1979) . Because groundwater velocities are usually small, the wells need to be close together in order to obtain results in a reasonable time span. Thus, only a small portion of the flow field can be observed by this method. Furthermore, the flow direction should be precisely known, otherwise the tracer plume may miss the downstream well. Multiple downstream wells along a control plane can help to overcome this problem. Another problem arises if stratification of the subsurface leads to different travel times in different layers. In this case, the applicable average groundwater velocity in the subsurface is difficult to determine (Todd and Mays, 2005) . Alternatively, a tracer dye is added to a well and mixed with the contained water (borehole dilution test). While water flows into and out of the well, the tracer concentration is measured continuously. From the tracer dilution curve, groundwater velocity can be derived. This type of tracer test is particularly useful to determine the flow velocity in the streambed assuming that flow from a well near a stream is directed exclusively towards the stream (Todd and Mays, 2005) .
Both tracer methods can also be used to infer hydraulic conductivity following Darcy's Law if the hydraulic gradient and porosity are known.
On a very small scale, the flow velocity in streambed sediments may be determined using the method proposed by Mutz and Rohde (2003) . A small amount of tracer dye is injected into the streambed using a syringe. After a few hours a sediment core is taken around the injection point and is deepfrozen. Dividing the frozen sediment core longitudinally uncovers the movement of the tracer plume in the sediment. The flow direction can then be observed and the flow velocity can be calculated from the distance the tracer plume has travelled and the duration of exposure. This method gives velocity estimates on a scale of a few centimetres. It requires the visibility of the tracer plume in the sediment core and is limited to use in light-coloured, fine sediments.
Porosity
The porosity of a sediment sample can be determined by relating the bulk mass density of the sample to the particle mass density. The bulk mass density is the oven-dried mass divided by the field volume of the sample. The particle mass density is the oven-dried mass divided by the volume of the solid particles, which can be determined by a waterdisplacement test (Freeze and Cherry, 1979) .
Mass balance approaches
The underlying assumption of mass balance approaches to study groundwater -surface water interactions is that any gain or loss of surface water or any change in the properties of surface water can be related to the water source, and, therefore, the groundwater component can be identified and quantified.
Incremental streamflow
Measurements of streamflow discharge in successive crosssections enable the determination of groundwater -surface water exchange by computing the differences in discharge between the cross sections. Streamflow discharge can be measured by various methods, including the velocity gauging method deploying any type of current meter (Carter and Davidian, 1968) , or gauging flumes (Kilpatrick and Schneider, 1983) . Another option is the dilution gauging method (Kilpatrick and Cobb, 1985) , where a solute tracer is injected into the stream and the tracer breakthrough curves at successive cross sections are recorded. The volumetric discharge can then be inferred from the measurements. Zellweger (1994) compared the performance of four ionic tracers to measure streamflow gain or loss in a small stream.
With the velocity gauging method, the net exchange of groundwater with stream water is captured, but it is not possible to identify inflow and outflow components of surface water exchange. Harvey and Wagner (2000) suggest a combination of the velocity gauging method and the dilution gauging method to estimate groundwater inflow and outflow simultaneously. They propose "injecting a solute tracer at the upstream of the reach, measuring stream volumetric discharge at both reach end points by the dilution gauging method, and then additionally measuring discharge at the downstream end using the velocity gauging method. Groundwater inflow rate is estimated from the difference between the dilution gauging measurements at the downstream and upstream ends of the reach (divided by the reach length). In contrast, the net groundwater exchange is estimated by the difference between the velocity gauging estimate at the downstream end of the reach and the dilution gauging estimate at the upstream end of the reach (divided by reach length). The final piece of information that is needed, the groundwater outflow rate, is estimated by subtracting the net exchange rate from the groundwater inflow rate." (Harvey and Wagner, 2000) .
To estimate groundwater discharge from incremental streamflow, measurements should be performed under low flow conditions so that one can assume that any increase in streamflow is due to groundwater discharge and not due to quickflow resulting from a rainfall event. This method provides estimates of the groundwater contribution to streamflow averaged over the reach length, making it insensitive to small-scale heterogeneities. The seepage flow rates should be significantly higher than the uncertainties inherent in the measurements, which constrains the spatial resolution of the method.
Hydrograph separation
An estimation of the groundwater contribution to streamflow can be realized by separating a stream hydrograph into the different runoff components, such as baseflow and quickflow (e.g., Chow, 1964; Linsley et al., 1988; Hornberger et al., 1998; Davie, 2002) , and then assuming that baseflow represents groundwater discharge into the stream (e.g., Mau and Winter, 1997; Hannula et al., 2003) .
The validity of the underlying assumptions of the separation techniques is critical for the performance of hydrograph separation as a tool to determine groundwater-surface water interactions (Halford and Mayer, 2000) . Furthermore, in cases where drainage from bank storage, lakes or wetlands, soils, or snowpacks contributes to stream discharge, the assumption that baseflow discharge represents groundwater discharge may not hold (Halford and Mayer, 2000) . The limited number of stream gauging stations constrains the resolution of this method. Results are usually averaged over long stream reaches.
Environmental tracer methods
Tracer-based hydrograph separation using isotopic and geochemical tracers provides information on the temporal and spatial origin of streamflow components. Stable isotopic tracers, such as stable oxygen and hydrogen isotopes, are used to distinguish rainfall event flow from pre-event flow, because rain water often has a different isotope composition than water already in the catchment (Kendall and Caldwell, 1998) . Geochemical tracers, such as major chemical parameters (e.g., sodium, nitrate, silica, conductivity) and trace elements (e.g. strontium), are often used to determine the fractions of water flowing along different subsurface flowpaths . Generally, to separate the streamflow components, mixing models (Pinder and Jones, 1969) or diagrams (Christophersen and Hooper, 1992) based on the conservation of mass are applied. Numerous applications under different hydrological settings using various tracers have been documented (e.g., Pinder and Jones, 1969; Hooper and Shoemaker, 1986; McDonell et al., 1990; Laudon and Slaymaker, 1997; Ladouche et al., 2001; Carey and Quinton, 2005) . The main drawbacks of tracer-based hydrograph separation are that event and pre-event waters are often too similar in their isotope composition and that the composition is often not constant in space or time (Genereux and Hooper, 1998) .
Tracer-based hydrograph separation yields groundwater discharge rates from reach to catchment scale. On a smaller scale, the differences in concentrations of environmental tracers between groundwater and surface water can be used to identify and delineate zones of groundwater discharge or recharge, provided that the differences are sufficiently large. Stable hydrogen and oxygen isotopes are widely used, because groundwater is generally less enriched in deuterium and 18 O than surface water (Coplen et al., 2000; Hinkle et al., 2001; Yehdeghoa et al., 1997) . Numerous other geochemical and isotopic tracers have been used to study interactions between groundwater and surface water, including alkalinity (Rodgers et al., 2004) , electrical conductivity (Harvey et al., 1997) , or isotopes of radon (Cook et al., 2003; Wu et al., 2004) , chlorofluorocarbons (Cook et al., 2003) , strontium (Negrel et al., 2003) , and radium (Kraemer, 2005) . For further information on the use of geochemical and isotopic tracers in catchment hydrology, the reader is referred to the books by Clark and Fritz (1997) , Kendall and McDonnell (1998) , or Cook and Herczeg (2000) , among others. As all researchers working with environmental tracers point out, a combination of various tracers and hydrologic data yields the most reliable results.
Solute tracer methods
Besides dilution gauging, solute tracers are also used to study the interaction between stream water and interstitial water in the streambed sediments. The temporary detainment of stream water in the sediment voids or in any other stagnant pockets of water, such as eddies or at the lee side of obstacles, is referred to as transient storage (Bencala and Walters, 1983) . It is usually studied by injecting a conservative tracer into the stream and fitting a model to the tracer breakthrough curves which yields the determination of the storage zone size and exchange rate (Runkel, 1998) . Studies using solute tracers and the transient storage approach to characterize surface-subsurface water exchange have been presented by D' Angelo et al. (1993) , Harvey and Bencala (1993) , Morrice et al. (1997) , and Hart et al. (1999) , among others. However, surface storage and storage in the streambed sediments are lumped together in this approach and the identification of the actual subsurface component is often difficult (Runkel et al., 2003) .
Methods to determine contaminant concentrations

Monitoring wells
By collecting subsurface water samples from monitoring wells or piezometers the contaminant concentration can be estimated. In order to obtain reliable results, the monitoring wells should be closely spaced along transects across the contaminant plume. Multi-level monitoring wells help in creating a three-dimensional integration of contaminant concentrations (e.g., Borden et al., 1997; Pitkin et al., 1999; Conant et al., 2004) . A dense grid of monitoring wells can give very detailed information about the distribution of contaminants. However, for large study sites this method becomes impractical.
Passive samplers
The accumulation of groundwater contaminants by passive samplers provides an alternative to the conventional snapshot-sampling in monitoring wells . Over the past few years, this technique was extensively developed and a variety of passive sampling devices has evolved. In general, these devices can be divided into four groups: water filled devices, solvent filled devices, semipermeable membrane devices, and solid-sorbent filled devices. Contaminants are collected by diffusion and/or sorption over extended periods of time. After sampling using these devices, contaminants are removed from the receiving phases or whole samplers by solvent extraction or thermodesorption and analysed chemically (Schirmer et al., 2005) . The stateof-the-art of passive sampling techniques is summarized in review articles by Namiesnik et al. (2005), Stuer-Lauridsen (2005) , and Vrana et al. (2005) , for example. Further developments of passive sampling devices allow a combined chemical and toxicological analysis of the samples (Bopp, 2004) , and combined contaminant and water flux measurements (Hatfield et al., 2004; De Jonge and Rothenberg, 2005) .
The accumulation of contaminants over an entire sampling period enables time-averaged measurements which are less sensitive to daily fluctuations. Furthermore, very low contaminant concentrations can be detected in this way. Longterm monitoring using passive samplers is time-and costefficient, since only a few field trips and sample analyses are required . Transport and storage of large sample volumes is not necessary, which again reduces costs and, moreover, the risk of degradation of labile substances prior to the analysis (Kot et al., 2000) . The problem of the disposal of highly contaminated purged groundwater is avoided and changes in flow regimes are circumvented, both being typical problems associated with sampling through pumping. Furthermore, volatile organic compounds, which often get lost during purging, can also be detected (Powell and Puls, 1997) .
Passive samplers can be applied in the aquifer, in the surface water, or in the transition zone. Frequent changes in flow direction, however, which are often observed in the transition zone, might be problematic for the calculation of mass fluxes.
Integral pumping tests
The issue of heterogeneity of the contaminant distribution in the subsurface is addressed by using the integral pumping test method (Schwarz et al., 1998; Teutsch et al., 2000; Ptak et al., 2000; Bauer et al., 2004; . This method consists of one or more pumping wells along a control plane perpendicular to the mean groundwater flow direction. The wells are operated with a constant discharge for a time period of up to several days. During pumping, concentrations of target contaminants are measured in the pumped groundwater. From the concentration time series, the concentration distribution along the control plane and thus the presence of contaminant plumes can be determined. Furthermore, contaminant mass flow rates along the control plane and the representative average contaminant concentration in the well capture zone can be computed. The method provides integral measurements over a large subsurface volume and is, therefore, less prone to heterogeneity effects of the subsurface and the contaminant distribution than point measurements. However, the disposal of the large volumes of contaminated groundwater that is pumped out of the wells during the test can be costly. The application of integral pumping tests near streams is problematic due to the boundary conditions and the influence of pumped stream water. However, it may provide reliable estimates of the contaminant concentration in the groundwater that approaches a stream and potentially discharges to the surface water.
Grab samples
The contaminant concentration in the surface water can simply be determined by analysing water samples from discrete grab or bottle samples. The main drawbacks of this method are that large sample volumes are often needed when contaminants are present at only trace levels, and that only snapshots of contaminant levels at the time of sampling are provided (Vrana et al., 2005) . Automated sampling systems can facilitate sample collection for long-term monitoring.
Seepage meters
Seepage water collected in a collection bag of a seepage meter (Lee, 1977) , as described in Sect. 2, can be sampled and analysed for the contaminant concentration.
Discussion
Measurement Scales
Various approaches and techniques to measure the interaction between groundwater and surface water have been outlined above. The methods differ in resolution, sampled volume, and the time scales they represent. The spatial measurement scales of the different methods (Fig. 1) have to be considered for the integration of diverse measurements at a study site. Densely spaced point measurements may deliver detailed information on the heterogeneity of the measured parameter, but the reaches between the measurement locations remain unknown. Therefore, there is a risk to miss extreme values of the parameter distribution which may affect computed results. Methods that integrate over large sample volumes provide reliable estimates of average values but do not enable a detailed characterization of the spatial heterogeneity of the respective parameter. Often, the choice of methods constitutes a trade-off between resolution of heterogeneities and sampled volume (Rubin et al., 1999) .
In general, most methods applied in the subsurface provide point estimates of the respective parameter, whereas most methods applied to the surface water represent larger sample volumes. Measurements of hydraulic head, grain size analysis, and permeameter tests are point measurements. In slug and bail tests and tracer tests, the portion of sampled aquifer volume is larger, on the scale of meters around the sample point. Pumping tests operate on the largest scale among the methods applied in the subsurface, typically on the scale of tens of meters up to kilometers. Measurements of the temperature gradient in the streambed provide point estimates of flux. Seepage meter measurements yield flux estimates over the diameter of the seepage pan, usually less than one meter. Incremental streamflow measurements result in groundwater discharge estimates averaged over the reach length between measurement transects, ranging from several meters to hundreds of meters. The same applies to environmental and heat tracer methods aiming at identifying the groundwater contribution to streamflow. Solute tracer methods for the estimation of transient storage also operate on the reach scale. Hydrograph separation delivers information on the groundwater discharge upstream of a gauging station and, therefore, enables the calculation of discharge rates averaged over the upstream length. Concerning contaminant concentration, grab sampling from piezometers or from the surface water, passive samplers and seepage meters provide point measurements of contaminant concentration, whereas integral pumping tests yield concentrations averaged over a large subsurface volume.
For measurements conducted in heterogeneous media, such as the subsurface, the measurement scale on which a selected technique operates may have a significant influence on the results, which has clearly been demonstrated for hydraulic conductivity in numerous studies. As Rovey and Cherkauer (1995) point out, hydraulic conductivity generally increases with test radius, because with a larger test radius the chance to encounter high-conductivity zones in a heterogeneous medium increases. Schulze-Makuch and Cherkauer (1998) found that hydraulic conductivity estimates increased during individual aquifer tests as the volume of aquifer impacted increased. Therefore, they concluded that scale-dependency of hydraulic conductivity is not related to the measurement method, but to the existence of high-conductivity zones within a low-conductivity matrix. Schulze-Makuch et al. (1999) observed no scaling effects for homogeneous media, whereas for heterogeneous media they found an empirical relation for the scaling behavior. The relationship is a function of the type of flow present (porous flow, fracture flow, conduit flow, doubleporosity media) and the degree of heterogeneity, associated with pore size and pore interconnectivity. The relationship was found to be valid up to an upper boundary value, representing the scale above which a medium can be considered quasi-homogeneous. In many of the test results included in the study by Schulze-Makuch et al. (1999) , hydraulic conductivities obtained by pumping tests were close to the upper boundary.
The scale-dependency of measurements in heterogeneous media implies that even a dense grid of point measurements may deliver results that are considerably different from those obtained from larger-scale measurements, because the 882 E. Kalbus et al.: Measuring groundwater-surface water interactions: a review Fig. 2 . Exchange flows between groundwater and surface water through the hyporheic zone at a riffle-pool-sequence (after Winter et al., 1998). importance of small heterogeneities, such as narrow highconductivity zones, may be underestimated. A better representation of the local conditions including the effects of scale on measurement results can be achieved by conducting measurements at multiple scales within a single study site.
The various methods also differ in the time scale they represent. The majority of techniques deliver parameter estimates at a certain point in time. Only seepage meters and passive samplers collect water volume and contaminant mass, respectively, over a time period from hours to weeks and, thus, yield time-averaged fluxes. Hydrograph separation gives estimates of the groundwater contribution to streamflow averaged over the duration of the recorded hydrograph, typically from several years to decades. Automated sampling methods or data loggers, however, can help breaking down measurement time steps to intervals that allow for observations of temporal variations. In particular, parameters that can be measured simply using probes, such as pressure or temperature, are suitable for long-term monitoring.
Groundwater discharge versus hyporheic exchange flow
Exchange processes between streams and groundwater do not only comprise groundwater discharging to a stream or stream water infiltrating into the aquifer, but also include downwelling of stream water into the sediment and reemerging to the stream further downstream (Fig. 2) . These small-scale exchange processes are driven by pressure variations caused by geomorphologic features such as poolriffle sequences, discontinuities in slope, or obstacles on the streambed (Thibodeaux and Boyle, 1987; Savant et al., 1987; Hutchinson and Webster, 1998) . This implies that water discharging through the streambed into the stream can either be groundwater, or re-emerging surface water, or a mixture of both. Harvey and Bencala (1993) found that the gross inflow (groundwater + subsurface flow) of water to their study stream exceeded the net inflow (groundwater only) by nearly twofold. Thus, methods to determine water flux in the shallow streambed, such as seepage meters or shallow streambed piezometers, may result in discharge rates that may not necessarily be attributed to groundwater discharge. Qualitative methods, such as heat or environmental tracers, may additionally be used to elucidate the origin of the water. Solute tracer methods based on the transient storage approach may help estimate the hyporheic flow component.
Considerations for choosing appropriate methods
The study goal plays a decisive role for the choice of appropriate methods to characterize groundwater -surface water interactions. The objective of the research project defines the required measurement scale which in turn constrains the possible methods. A regional assessment of water resources or the fate and transport of pollutants requires information on a large scale, requiring methods that represent a large sample volume, such as pumping tests or surface water methods. Equally, if the impact of groundwater discharge on surface water quality or vice versa is of concern, measurements on a large scale may be more appropriate. In contrast, investigations of the spatial variation of exchange processes and flow paths between groundwater and surface water require measurements that allow for high spatial resolutions, such as temperature profiles or piezometer methods. If temporal variations or trends are of concern, long-term monitoring of certain parameters may be required. Automated sampling methods and probes coupled with data loggers are most suitable for that purpose. The choice between methods on a similar scale may be more of an operational character, considering factors such as accessibility of the study site, portability of the equipment, and financial and human resources, among others. Landon et al. (2001) compared instream methods for measuring hydraulic conductivity in sandy streambeds (in situ permeameter tests, seepage meters coupled with hydraulic head measurements, slug tests, grain size distribution) and found that the spatial variability of hydraulic conductivity was greater than the variability of hydraulic conductivity between different methods. They concluded that the method used may matter less than making enough measurements to characterize spatial variability.
Uncertainties inherent in the different techniques may be taken into account when selecting methods to study groundwater -surface water interactions. Measurements of hydraulic conductivity are generally characterized by high uncertainties, because hydraulic conductivity can vary over several orders of magnitude. Hence, flux estimates based on the Darcy equation are inherently inaccurate, which relates to the majority of methods applied in the aquifer and the transition zone. Hydrograph separation is based on the assumptions that stream discharge can be directly correlated to groundwater recharge. Several factors are neglected in this approach, such as evapotranspiration and bank storage, leading to considerable uncertainties (Halford and Mayer, 2000) . Tracer-based hydrograph separation further assumes that preevent water and event water are clearly different in isotopic or chemical composition and that the composition is constant in space and time; both being conditions that are often not met (Genereux and Hopper, 1998) . Similarly, environmental and heat tracer measurements in the surface water rely on clearly pronounced and stable differences between groundwater and surface water, incorporating some degree of uncertainty. Flux estimates based on temperature gradients in the streambed are calculated on the assumption of vertical flow beneath the stream, which may not be true in the vicinity of the river banks or because of influences of hyporheic water movement as described before. Furthermore, the influence of daily fluctuations in surface water temperature may create some error. Flux measurements made by conventional seepage meters may be influenced by the resistance of the collection system to streamflow . The accuracy of contaminant concentrations from water samples is influenced by the handling of the samples and the detection sensitivity of the analysis methods. Passive flux meter measurements may further be affected by competitive sorption or rate-limited sorption, and by fluctuations in flow direction in case of long-term measurements. The evaluation of integral pumping tests requires information on aquifer properties which may already be uncertain. In conclusion, inaccuracies are inherent in all methods to determine interactions between groundwater and surface water, so that an analysis of uncertainties along with any measurement is indispensable.
Because of the limitations and uncertainties associated with the various methods, any attempt to characterize streamaquifer interactions may benefit from a multi-scale approach combining multiple techniques. For instance, flux measurements in the transition zone alone may not suffice to clearly identify the groundwater component, while isotope concentrations alone may also lead to misinterpretations. Also, integrating point measurements may not be a valid substitute for measurements on a larger scale due to the scale-effects of measurements in heterogeneous media. Therefore, measurements on multiple scales are recommended to characterize the various processes and include different factors controlling groundwater-surface water exchange. Furthermore, a combination of measurements of physical and chemical properties may help identify water sources and subsurface flow paths. For instance, Becker et al. (2004) combined current meter measurements with a stream temperature survey to both identify zones of groundwater discharge and calculate groundwater inflow to the stream; Constantz (1998) analysed diurnal variations in streamflow and stream temperature time series of four alpine streams to quantify interactions between stream and groundwater; James et al. (2000) combined temperature and the isotopes of O, H, C, and noble gases to understand the pattern of groundwater flow; Harvey and Bencala (1993) used hydraulic head measurements and solute tracers injected into the stream and the subsurface to identify flow paths between stream channel and aquifer and to calculate exchange rates; Storey et al. (2003) used hydraulic head measurements, salt tracers injected into the subsurface, and temperature measurements in the stream and subsurface to trace the flow paths in the hyporheic zone; Ladouche et al. (2001) combined hydrological data, geochemical and isotopic tracers to identify the components and origin of stream water. An elaborate combination of methods can considerably reduce uncertainties and constrain flux estimates.
Summary
Measuring interactions between groundwater and surface water is an important component for integrated river basin management. Numerous methods exist to measure these interactions which are either applied in the aquifer, in the surface water, or in the transition zone itself.
The methods differ in resolution, sampled volume, and the time scales they represent. Often, the choice of methods constitutes a trade-off between resolution of heterogeneities and sampled subsurface volume. Furthermore, the measurement scale on which a selected technique operates may have a significant influence on the results, leading to differences between estimates obtained from a grid of point measurements and estimates obtained from large-scale techniques. Therefore, a better representation of the local conditions including the effects of scale on measurement results can be achieved by conducting measurements at multiple scales at a single study site.
Attention should be paid to distinguish between groundwater discharge and hyporheic exchange flow. Small-scale flow measurements in the shallow streambed may not suffice to make this distinction, so that additional measurements to identify the water source are recommended.
The study goal plays a decisive role in choosing appropriate methods. For regional investigations large-scale techniques may be more suitable, whereas process studies may require measurements which enable high resolution. All methods have their limitations and uncertainties. However, a multi-scale approach combining multiple techniques can considerably reduce uncertainties and constrain estimates of fluxes between groundwater and surface water.
